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Abstract

The analysis of the KEK-CsI and 1mm-Pb/3mm-Scinti calorimeters using 2
neutron method is reported with several comments on the publication.

1 Neutron identification

Neutron identification is a most important part of our experiment. We make use of the
difference in the pulse shape between neutrons and photons. Neutrons produce slower
component of the scintillation pulses than photons in the liquid scintillators(LS). We use
the dual gate, a wide(200nsec) and a narrow(35nsec) gate, in order to collect a total com-
ponent and a fast component of the scintillation pulses. K. Mori introduced the “AUN”
method to discriminate neutrons and photons using the LS energy information and applied
the method to the analysis of the KTeV-Csl and 1mm-Pb/5mm-Scinti calorimeters[2][3].
In the case of the KEK-CsI and 1mm-Pb/3mm-Scinti calorimeter, a simple method to dis-
criminate neutrons and photons was applied[1]. Then we have tried a consistent analysis
for all samples using the same method of “AUN” for publication. Figure 1 shows the AUN
distribution for the 1mm-Pb/3mm-Scinti calorimeter in tail region(Esample/E~ <0.5).

Timing information is also effective to discriminate neutrons and photons. Figure 2
shows the “time-of-flight(TOF)” for the Imm-Pb/3mm-Scinti calorimeter in the 750 MeV
run.

Figure 3 shows the scatter plots of the AUN and TOF for the 1mm-Pb/3mm-Scinti
calorimeter in the 750 MeV run. Neutrons and photons are clearly separated by the AUN
and TOF method. The region for neutrons is shown by a box in Figure 3.

° 307 < AUN < 20 neutron -

° 40’7 < TOF < 20 neutron.-
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2 Neutron detection efficiency

The neutron detection efficiency, nyg, is estimated from the multiplicity(mpg) distribution
of neutron hits in liquid scintillators(LS). The multiplicity more than two(mgs > 2) is
used for a fitting by a Poisson distribution as shown in Figures 4, 5, 6 and 7. The zero and
one multiplicity are estimated from the fit by a Poisson distribution. The E, dependence
of the mean value(u) of a Poisson distribution are shown in Figures 8 and 9. In these
figures the p obtained from the fit using the m;g > 1 data are also plotted as reference.
They are consistent with each other, but the error for the mps > 2 are larger than those
for the mys > 1 especially at the low energy.

For the mps > 2, nys is given as 1 — exp(—p) — p - exp(—p), and for the mpg > 1 it
is given as 1 — exp(—p) where the p is the mean value of a Poisson distribution.

3 The photon detection inefficiency

The event of the small energy deposit below thresholds, 1 MeV, 3 MeV, 5 MeV, 10 MeV
and 30 MeV in the calorimeters is taken as inefficient-event.

The inefficiency due to the photonuclear interaction is calculated as a ratio between
the number of events below thresholds with a requirement of mpg > 1 or mpg > 2;

neff = N(Esampie < Threshold) . L (1)
N(all) NLs
where 775 is the neutron detection efficiency. Figures 10 and 12 show the detection
inefficiency in the case of mpg > 2 for the Imm-Pb/3mm-Scinti and KEK-Csl calorimeter
in a 40 MeV-bin for E,. The same data plotted in a 80 MeV-bin is shown in Figures 11
and 13.
Figures 14 and 15 are the detection inefficiency with a requirement of mpg > 1. The
comparisons of inefficiencies with each conditions are shown in Figures 16, 17, 18, 19, 20,
21, 22, 23, 24 and 25.

4 Check the result

The Esgmpie/E, dependence of p are examined and found that p is not significantly
dependent on Egppe/E, within error in shown as Figures 26, 28, 30 and 32 for the
mrs > 2, and Figures 27, 29, 31 and 33 for the mps > 1.

We take a ratio between a number of events in region of Eyype/E, below 0.1~0.6
with the mps > 1 or mps > 2 to that of all the tagged events(tail-to-total ratio). Figures
34 and 36 show the F, dependence of the tail-to-total ratio with the mzs > 1 by the 7,
and Figures 35 and 37 show that for the mpg > 2. Figures 38 and 39 show that for the
mps > 1 in the log scale.



The curve in figures represents a ratio between the cross sections of the photonuclear
interaction and the electromagnetic shower process for the KEK-Csl calorimeter. The
tail-to-total ratio has same tendency as a ratio of cross section, but no bump for the
second nucleon resonance is observed. It notes that the number of tail events below 240
MeV is suppressed by a trigger as shown in Figures 40, 41, 42 and 43.

5 Comments on further analysis of other samples

Figures 44, 45, 46 and 47 show the distribution of the sample energy deposit in both
case of the mps > 2 and mys > 1 for comparison, and Figures 48, 49, 50, 51, 52, 53, 54
and 55 show them in the energy-deposit region below 10 MeV. As seen in Figures, the
mrs > 1 has the background in the high energy region, but in the low energy region it
is not clear. The background at the higher energy can be suppress with the mps > 2(2
neutron method). However, a problem of 2 neutron method is the large error of p in the
energy region below 400 MeV where the multiplicity is very small.

After a discussion with Takao Inagaki, we would like to make following recommenda-
tions for further analysis of other samples.

(1) It seems to be better that the inefficiency should be calculated in the condition of
myrg > 1 for the 430 MeV run and mrgs > 2 for the other runs and that the bin
width for the 1100 MeV run should be taken to be 80 MeV.

(2) The E, dependences of p(Fig. 8 and 9) and of the tail/total (Fig. 34 and 36) are
very important to justify our samples selected as photonuclear interaction. Since
the largest sample of data are those of the KTeV-Csl and 1mm-Pb/5mm-Scinti,
similar plots for them are very desirable.

Of course, the background estimation which has been done by Tkashi Nakano based
on Ref. [4] is crucial.

Inefficiencies calculated with the principle of the recommendation 1 are shown in
Figures 56, 57, 58, 59, 60, 61, 62, 63, 64 and 65.
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Figure 1: The AUN distribution for the Imm-Pb/3mm-Scinti calorimeter in 750 MeV.
Neutrons and photons are clearly separated by The AUN method. A diagonal part are
a region for neutrons, 30, < AUN < 20peutron- The conditions of cut are determined by

the fit with a double Gaussian.
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Figure 2: The Time of flight(TOF) distributions for the lmm-Pb/3mm-Scinti calorimeter
in the 750 MeV run. Neutrons and photons are clearly separated by The TOF method.
A diagonal part is a region for neutrons, 40, < TOF < 20y,eytron-
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Figure 3: The AUN vs TOF for the lmm-Pb/3mm-Scinti calorimeter in the 750 MeV
run. A box are a region for neutrons.
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Figure 4: The multiplicity distributions of neutrons in liquid scintillators for the 1mm-
Pb/3mm-Scinti calorimeter in 430 MeV.
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Figure 5: The multiplicity distributions of neutrons in
Pb/3mm-Scinti calorimeter in the 750 MeV run.
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Figure 6: The multiplicity distributions of neutrons in liquid scintillators for the 1mm-

Pb/3mm-Scinti calorimeter in the 1100 MeV run.
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Figure 7: The multiplicity distributions of neutrons in liquid scintillators for the KEK-CsI
calorimeter in the 500 MeV run.
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distribution from the fit with the myg > 1 and 2.
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Figure 10: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with a requirement of mys > 2. The arrow indicates the
upper limit at the 90% confidence level.
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Figure 11: The detection inefficiency due to photonuclear interaction for the lmm-
Pb/3mm-Scinti calorimeter with a requirement of mys > 2 in 80 MeV-bin. The arrow
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Figure 14: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with a requirement of myg > 1.
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Figure 15: The detection inefficiency due to photonuclear interaction for the KEK-CsI
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Figure 16: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with each conditions for the 30 MeV threshold data.
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Figure 17: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with each conditions for the 10MeV threshold data. The
arrow indicates the upper limit at the 90% confidence level.
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Figure 18: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with each conditions for the 5 MeV threshold data. The
arrow indicates the upper limit at the 90% confidence level.
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Figure 19: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with each conditions for the 3 MeV threshold data. The
arrow indicates the upper limit at the 90% confidence level.
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Figure 20: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with each conditions for the 1 MeV threshold data. The
arrow indicates the upper limit at the 90% confidence level.
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Figure 21: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with each conditions for the 30 MeV threshold data.
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Figure 22: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with each conditions for the 10 MeV threshold data.

26



ST
g - [ | Threshodl 5MeV m, 1 40MeV-bin
= I v Threshold 5MeV m >2 40MeV-bin
T -3 O Threshold 5MeV m 2 80MeV-bin
=10 =
s
*8' L v
g 10 -4
C = —
g Be
< - | |
o - —v—
5
10 -
6
10 -
-7
10 | \ | \ | \ | \ | \ | \ | | \ | \ |
O 50 100 150 200 250 300 350 400 450 500

Ey(MeV)

Figure 23: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with each conditions with for the 5 MeV threshold data. The arrow indicates
the upper limit at the 90% confidence level.
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Figure 24: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with each conditions for the 3 MeV threshold data. The arrow indicates the
upper limit at the 90% confidence level.
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Figure 25: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with each conditions for the 1 MeV threshold data. The arrow indicates the
upper limit at the 90% confidence level.
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Figure 26: The Euppie/E, dependence of the mean value of a Poisson distribution with
the mpg > 2 for the Imm-Pb/3mm-Scinti calorimeter in the 430 MeV run.
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Figure 27: The Eguppie/E, dependence of the mean value of a Poisson distribution with
the mps > 1 for the Imm-Pb/3mm-Scinti calorimeter in the 430 MeV run.
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Figure 28: The Euppie/E, dependence of the mean value of a Poisson distribution with
the mpg > 2 for the lmm-Pb/3mm-Scinti calorimeter in the 750 MeV run.
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Figure 29: The Euppie/E, dependence of the mean value of a Poisson distribution with
the mps > 1 for the Imm-Pb/3mm-Scinti calorimeter in the 750 MeV run.
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Figure 30: The Eguppie/E, dependence of the mean value of a Poisson distribution with
the mps > 2 for the lmm-Pb/3mm-Scinti calorimeter in the 1100 MeV run.
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Figure 31: The Eguppie/E, dependence of the mean value of a Poisson distribution with
the mps > 1 for the Imm-Pb/3mm-Scinti calorimeter in the 1100 MeV run.
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Figure 32: The Egumpre/E, dependence of the mean value of a Poisson distribution with
the mpg > 2 for the KEK-CsI calorimeter in the 500 MeV run.
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Figure 33: The Egumpre/E, dependence of the mean value of a Poisson distribution with
the mpg > 1 for the KEK-CsI calorimeter in the 500 MeV run.
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Figure 34: The comparison a tail-to-total ration for the lmm-Pb/3mm-Scinti calorimter
with the ratio of cross sections between the photonuclear and electromagnetic cascasd
shower. It notes that the number of tail events(tail> 0.4) in region below 230 MeV is
suppressed by a trigger as shown in Figures 40, 41 and 42.
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Figure 35: The comparison tail-to-total ratio for the mygs > 2 with a cross section ratio
for the Imm-Pb/3mm-Scinti calorimeter.
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Figure 36: The comparison a tail-to-total ratio with a cross section ratio for the KEK-CsI
calorimeter. It notes that the number of tail events(tail> 0.4) in region below 250 MeV
is suppressed by a trigger as shown in Figure 43.
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Figure 37: The comparison tail-to-total ratio for the mygs > 2 with a cross section ratio
for the Imm-Pb/3mm-Scinti calorimeter.
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Figure 38: The tail-to-total ration in log scale. The conditions are same as Figure 34.
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Figure 40: The distribution of the sample energy deposit for the Imm-Pbh/3mm-Scinti 430
MeV-run in both conditions of the Tag-Y trigger and EGtrigger(diagonal histogram).
The line indicates a boundary of Eguppre/E, = 0.5.
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Figure 41: The distribution of the sample energy deposit for the Imm-Pbh/3mm-Scinti 750
MeV-run in both conditions of the Tag-Y trigger and EGtrigger(diagonal histogram).
The line indicates a boundary of Eguppre/E, = 0.5.
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Figure 42: The distribution of the sample energy deposit for the 1mm-Pb/3mm-Scinti
1100 MeV-run in both conditions of the Tag-¥ trigger and EGtrigger(diagonal his-
togram). The line indicates a boundary of Esgmpie/E, = 0.5.
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Figure 43: The distribution of the sample energy deposit for the KEK-CsI calorimeter
in both conditions of the Tag-Y trigger and EGtrigger(diagonal histogram). The line
indicates a boundary of Esqmpie/Ey = 0.5.
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Figure 44: The distribution of the sample energy deposit with a requirement of mpg >
2(diagonal histogram) and that of myg > 1 for the Imm-Pb/3mm-Scinti calorimeter in
the 430 MeV run.
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Figure 45: The distribution of the sample energy deposit with a requirement mpg >
2(diagonal histogram) and that of myg > 1 for the Imm-Pb/3mm-Scinti calorimeter in
the 750 MeV run.
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Figure 46: The distribution of the sample energy deposit with a requirement of mpg >
2(diagonal histogram) and that of myg > 1 for the Imm-Pb/3mm-Scinti calorimeter in
the 1100 MeV run.
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Figure 47: The distribution of sample energy deposit with a requirement of mps >
2(diagonal histogram) and that of myg > 1 for the KEK-CsI calorimeter in the 500 MeV
run.
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Figure 48: The distribution of the sample energy deposit with a requirement of mpg > 2
below 10 MeV for the lmm-Pb/3mm-Scinti calorimeter in the 430 MeV run. A diagonal
histogram is the event of off-timing.
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Figure 49: The distribution of the sample energy deposit with a requirement of mpg > 1
below 10 MeV for the lmm-Pb/3mm-Scinti calorimeter in the 430 MeV run. A diagonal
histogram is the event of off-timing.
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Figure 50: The distribution of the sample energy deposit with a requirement of mpg > 2
below 10 MeV for the lmm-Pb/3mm-Scinti calorimeter in the 750 MeV run. A diagonal
histogram is the event of off-timing.
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Figure 51: The distribution of the sample energy deposit with a requirement of mpg > 1
below 10 MeV for the lmm-Pb/3mm-Scinti calorimeter in the 750 MeV run. A diagonal
histogram is the event of off-timing.
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Figure 52: The distribution of the sample energy deposit with a requirement of mpg > 2
below 10 MeV for the Imm-Pb/3mm-Scinti calorimeter in the 1100 MeV run. A diagonal
histogram is the event of off-timing.
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Figure 53: The distribution of the sample energy deposit with a requirement of mpg > 1
below 10 MeV for the Imm-Pb/3mm-Scinti calorimeter in the 1100 MeV run. It has the
enhancement at 0 MeV clearly. A diagonal histogram is the event of off-timing.

57



1- 1- o —
0.75 Ey363(MeV) 0.75 Ey328(MeV)
0.5 0.5~
0.25- 0.25-

9?\ cooc b 9?\ Cl
15 Ev292Mev) i - Ey256(MeV) ||
o5 ] o Pnlhr

= A I I N o | |
712 Ey217(MeV) 6 Ey175(Mev)

55 4j _
25- r| . 2= [JHU

0;\ i T 20;‘ i ENESSSS NN B R

6 Eyl34(MeV) 15— Ey9L(MeV)

4- 10

2- 5-

0:\ i N N N N 07 ol

-5 0 5 10 5 0 5 10

Sample deposit(MeV) Sample deposit(MeV)

Figure 54: The distribution of the sample energy deposit with a requirement of mpg > 2
below 10 MeV for the KEK-CsI calorimeter in the 500 MeV run. A diagonal histogram
is the event of off-timing.
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Figure 55: The distribution of the sample energy deposit with a requirement of mpg > 2
below 10 MeV for the KEK-CsI calorimeter in the 500 MeV run. A diagonal histogram
is the event of off-timing.
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Figure 56: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with the principle of the recommendation 1 for the 30 MeV
threshold.

60



1
N

510 :

5

= I m Threshold 10MeV
T -3

=10

c [

=) -

= oo ‘

% - -

© -4 - *}*
<10 -~ -
S F

s .
S -

5

Qlﬂ T
ot
L

. T
| L

L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L
0 200 400 600 800 1000
Ey(MeV)

10

10

Figure 57: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with the principle of the recommendation 1 for the 10 MeV
threshold.
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Figure 58: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with the principle of the recommendation 1 for the 5 MeV
threshold. The arrow indicates the upper limit at the 90% confidence level.
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Figure 59: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with the principle of the recommendation 1 for the 3 MeV
threshold. The arrow indicates the upper limit at the 90% confidence level.
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Figure 60: The detection inefficiency due to photonuclear interaction for the 1mm-
Pb/3mm-Scinti calorimeter with the principle of the recommendation 1 for the 1 MeV
threshold. The arrow indicates the upper limit at the 90% confidence level.
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Figure 61: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with the principle of the recommendation 1 for the 30 MeV threshold.
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Figure 62: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with the principle of the recommendation 1 for the 10 MeV threshold.
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Figure 63: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with the principle of the recommendation 1 for the 5 MeV threshold. The
arrow indicates the upper limit at the 90% confidence level.
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Figure 64: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with the principle of the recommendation 1 for the 3 MeV threshold. The
arrow indicates the upper limit at the 90% confidence level.
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Figure 65: The detection inefficiency due to photonuclear interaction for the KEK-CsI
calorimeter with the principle of the recommendation 1 for the 1 MeV threshold. The
arrow indicates the upper limit at the 90% confidence level.
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